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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  Ac  impedance  of  LIB  was  measured 
at  low  temperature  to  enlarge  the 
impedance. 

►  At  the  temperature  below  0  °C 
another  arc  of  semicircle  appeared. 

►  At  20  °C  the  hidden  arc  was  found  to 
be  small. 

►  The  hidden  arc  was  also  overlapping 
with  kinetic  impedance  and  induc¬ 
tive  locus. 

►  The  hidden  impedance  response 
was  attributed  to  the  SEI 
impedance. 
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S  T  R  A  C  T 

Ac  impedance  spectra  of  electrochemical  systems  are  analyzed  by  considering  adequate  equivalent 
circuits,  while  the  differentiation  of  responses  for  each  elemental  step  is  sometimes  difficult.  In  this 
study,  enlarged  impedances  were  measured  by  lowering  the  temperature  of  a  lithium  ion  battery  (LIB)  to 
make  the  separation  of  confusing  responses  easier.  The  impedance  spectra  obtained  at  the  temperatures 
between  -20  °C  and  20  °C  showed  drastic  change  in  sizes  with  shifting  of  the  characteristic  frequency. 
The  analysis  of  impedance  spectra  using  an  equivalent  circuit  revealed  changes  in  resistance  of  each 
component  and  shifting  of  the  time  constant  for  each  elemental  step.  The  frequency  domain  of 
impedance  response  of  solid  electrolyte  interphase  (SEI)  was  found  to  overlap  with  that  of  the  inductive 
component  of  the  outer  electric  lead  at  20  °C  in  our  study.  The  impedance  measurement  at  the  low 
temperatures  is  considered  to  be  useful  for  the  detection  of  the  SEI  and  the  accurate  evaluation  of  LIB. 
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1.  Introduction 

Electrochemical  impedance  spectroscopy  (EIS)  has  been  utilized 
by  many  researchers  to  characterize  each  factor  of  batteries 
because  it  enables  us  to  analyze  the  dynamics  of  each  elemental 
step  sensitively  and  separately  without  destruction  of  the  cell.  In 
addition,  un-destructive  EIS  is  expected  to  be  utilized  for 
premonitory  diagnosis  of  batteries  on  board  in  electric  vehicles.  In 
our  previous  study  [1,2],  the  equivalent  circuit  to  express  each 
elemental  step  in  a  commercial  lithium  ion  battery  (LIB)  by  EIS  was 
carefully  investigated.  Also,  with  the  designed  equivalent  circuit, 
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impedance  responses  of  LIB  during  capacity  fading  by  continuous 
charge-discharge  cycling  was  analyzed,  and  succeeding  rises  in 
impedance  of  cathode  reaction  and  the  solid  electrolyte  interphase 
(SEI)  were  illustrated,  while  the  resistance  of  SEI  in  fresh  LIB  was 
remarkably  smaller  than  those  of  the  charge  transfer  reactions  at 
the  electrodes/electrolyte  interfaces  [3]. 

In  actuality,  the  rapid  decrease  in  the  internal  resistance  of  LIB  to 
satisfy  the  demands  for  high  power  and  high  capacity  lead  to 
difficulty  in  assigning  each  characteristic  in  impedance  spectros¬ 
copy  to  elementary  steps  correctly  or  in  precise  evaluation  of  each 
step  having  close  values  in  time  constants,  which  sets  limits  on 
detail  characterization  of  a  battery  by  impedance  spectroscopy. 

In  order  to  analyze  precisely,  enlargement  of  small  impedances 
and  shifting  of  the  overlapping  frequency  domains  are  considered 
to  be  solutions.  The  values  of  resistance  and  interfacial  capacitance 
are  the  electrochemical  parameters  mainly  discussed  in  electro¬ 
chemical  impedance  spectroscopy.  As  the  mass  transfer  of  charged 
carrier  has  a  strong  negative  correlation  with  temperature, 
increases  in  the  resistance  of  LIB  at  low  temperatures  has  been 
reported  in  the  literature  [4-6]. 

In  this  study,  in  order  to  distinguish  each  response  of  elemental 
steps  in  an  LIB  reaction,  an  expansion  of  impedance  of  LIB  was 
examined  by  lowering  the  temperature.  Ac  impedance  spectra 
inquired  under  the  temperature  range  between  -20  °C  and  20  °C 
were  compared  and  analyzed. 

2.  Experimental 

A  commercially  obtained  laminated  LIB  using  a  carbon  anode 
with  a  nominal  capacity  and  voltage  of  0.8  Ah  and  3.8  V,  respec¬ 
tively,  was  examined  in  this  study.  The  capacity  of  the  LIB  was 
measured  and  it  was  found  that  the  voltage  of  the  LIB  at  the  state  of 
charge  (SOC)  50%  was  3.837  V.  The  LIB  was  characterized  by  EIS  at 
every  5  °C  from  -20  °C  to  0  °C,  and  at  20  °C.  After  changing  the 
environmental  temperature  of  LIB,  the  LIB  was  kept  for  2  h  (7200  s) 
in  the  incubator  before  the  measurements.  The  EIS  were  obtained 
at  the  3.837  V  of  DC  off-set  to  maintain  the  SOC  value  as  50%,  with 
5  mV  of  ac  signal  in  the  frequency  range  of  100  kHz-10  mHz.  Data 
fitting  was  carried  out  with  Microsoft  Excel  Solver  to  reach  the 
minimum  value  of  the  error  by  following  our  previous  report  [2]. 

3.  Results  and  discussion 

The  Nyquist  plots  obtained  from  the  LIB  with  SOC  value  of  50%  at 
various  temperatures  are  shown  in  Fig.  1.  All  the  impedance  loci 
were  revealed  to  have  plots  in  the  fourth  quadrant  in  the  high 
frequency  region,  which  had  minus  values  in  -Z",  indicating  the 
existence  of  an  inductive  component  of  the  outer  lead  [2],  and 
overlapping  semicircles  in  the  lower  frequency  region.  At  20  °C, 
two  semicircles,  relatively  large  and  small,  were  observed  at  the 
middle  and  the  higher  frequency  region,  respectively,  as  in  other 
reports  [1— 3,7,8].  However,  remarkably,  another  semicircle 
appeared  at  the  higher  frequency  region  below  0  °C  by  setting 
careful  eye  on  the  plots,  and  the  size  of  the  new  one  was  observed 
to  increase  with  the  two  others  by  decreasing  temperature  of  the 
LIB,  T.  Namely,  the  semicircle  at  the  higher  frequency,  which  was 
not  detected  by  the  eyes  at  T  of  room  temperature,  is  considered  to 
be  apparently  detectable  by  setting  T  as  the  low  temperatures. 

In  addition,  the  impedance  spectrum  at  20  °C  remained 
unchanged  when  T  was  returned  from  -20  °C  to  20  °C.  Thus, 
temperature  was  assessed  not  to  irreversibly  change  the  intrinsic 
properties  which  can  be  observed  in  the  Nyquist  plots.  According  to 
our  previous  report  [2,3],  an  equivalent  circuit,  shown  in  Fig.  2(a), 
which  had  three  RC  parallel  connections  of  SEI  film,  anode,  and 
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Fig.  1.  Nyquist  plots  obtained  by  electrochemical  ac  impedance  for  a  lithium  ion 
battery  at  20,  0,  -5,  -10,  -15,  -20  °C.  Each  parallel  line  shows  0  0  of  Z"  at  each 
temperature.  Inset  is  the  magnified  Nyquist  plots  for  20  °C. 

cathode,  was  designed.  The  overlapping  semicircles  obtained  in  the 
frequency  range  between  10  kHz  and  10  mHz,  shown  in  Fig.  1,  were 
analyzed.  In  this  study,  the  impedance  response  corresponding  to 
the  diffusion  process  was  ignored  due  to  the  limitation  of  the 
frequency  range.  The  Nyquist  plots  were  simulated  to  estimate  R 
and  C  values  of  each  elemental  process  at  various  T  using  the 
equivalent  circuit,  and  all  the  spectra  were  well  fitted. 

The  equivalent  circuit  used  in  this  study,  three  sets  of  resisters 
and  capacitors  connected  in  parallel  were  connected,  which  had 
three  unique  time  constants.  With  the  parameter  fitting  using  the 
circuit  for  the  obtained  impedance  results,  three  sets  of  time 
constants  were  found  to  be  determined  for  the  results  obtained  by 
varying  the  temperature.  According  to  our  previous  study,  the  sets 
of  resisters  and  capacitors  with  the  values  of  time  constants 
obtained  for  the  impedance  results  measured  at  20  °C  of  about 
3  x  10-5,  6  x  10  4,  3  x  10  2  s  were  assigned  to  be  the  impedance 
components  of  the  SEI,  the  anode,  and  the  cathode,  respectively, 
while  in  our  previous  work  on  a  different  LIB,  the  values  of  time 
constant  for  SEI,  the  anode  and  the  cathode  were  about  4  x  10  5, 
7  x  10  3,  5  x  10“2  s  [2,3]. 

The  values  of  R  and  C  are  shown  in  Fig.  2  (b)  and  (c)  with 
a  function  of  T.  Each  resistance  value,  R,  is  demonstrated  to  increase 
by  decreasing  the  T.  By  focusing  our  attention  on  the  value  of  R ,  it 
should  be  noted  here  that  the  resistance  of  the  SEI,  ftp*  at  20  °C  was 
obtained  as  1.0  x  10-3,  while  Ra  and  Rc  were  1.6  x  10”2,  and 
1.7  x  10-2  Q,  respectively.  From  this  result,  ftp  is  considered  to  be 
too  small  to  be  separated  from  the  other  larger  semicircles  for 
reactions  of  anode  and  cathode  as  well  as  what  is  predictable  from 
the  appearance  of  the  Nyquist  plots.  Another  point  to  be  noted  is 
that  with  the  extrapolation  of  the  plots  of  temperature  towards 
room  temperature,  the  R  value  might  be  estimated  even  at  a  small 
value.  On  the  other  hand,  the  capacitances,  C,  did  not  change  much 
with  T,  except  for  the  capacitance  of  the  SEI,  Cp.  The  results  for 
anode  and  cathode  suggest  that  any  structural  change  producing 
variation  of  the  value  of  capacitance  does  not  occur  by  altering  T. 
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Fig.  3.  Variation  of  time  constants  of  the  impedance  responses  calculated  from 
resistance  and  capacitance,  shown  in  Fig.  2,  for  SEI  and  reactions  of  anode  and  cathode. 


Considering  the  change  of  capacitance  values  in  SEI  component 
and  the  similar  values  of  three  time  constants  for  SEI  component  in 
the  temperature  range  above  -5  °C,  there  might  exist  some 
experimental  errors  in  parameter  fittings  for  SEI  component  due  to 
the  small  R  value  and  overlap  of  ac  response  with  inductive 
response  in  the  temperature  region. 

Here,  the  reason  why  a  semicircle  appeared  clearly  only  at  the 
low  T  is  considered  to  be  as  follows:  (I)  overlap  of  the  frequency 
range  of  the  impedance  for  the  SEI  with  that  of  inductive  compo¬ 
nent,  (II)  relatively  close  time  constants  of  each  element,  or  (III)  the 
small  value  of  resistance  of  the  SEI.  From  these  considerations,  the 
EIS  measurement  at  the  low  temperatures,  which  is  considered  not 
to  change  the  intrinsic  properties  irreversibly,  can  be  useful  for  the 
detection  of  the  SEI  and  the  accurate  evaluation  of  LIB.  It  is  clear 
that  lowering  the  temperature  leads  the  shifts  of  time  constants 
and  the  enlargement  of  resistance  in  electrochemistry  of  LIB. 


Temperature  [°C] 

Fig.  2.  The  equivalent  circuit  designed  to  analyze  the  impedance  of  LIB  (a),  and 
obtained  electrochemical  parameters  of  resistance  (c)  and  capacitance  (b),  by  fitting  to 
ac  impedance  data  measured  at  various  temperatures  using  the  equivalent  circuit. 
Symbols  are  expressed  as  follows:  L,  Rh  inductance  and  resistance  of  battery  lead  and 
connected  cable;  Rs,  Rf,  resistance  of  electrolyte  and  SEI;  CPEF,  constant  phase  element 
of  SEI;  Ra,  Rc,  charge  transfer  resistance  of  anode  and  cathode;  and  CPEA,  CPEc, 
constant  phase  element  of  electrode  surface  of  anode  and  cathode. 


The  variation  of  the  time  constant  is  also  illustrated  in  Fig.  3. 
From  the  figure,  it  is  clearly  indicated  that  all  the  time  constants  are 
separated  at  every  T.  The  values  of  time  constant  for  components  of 
SEI,  cathode  and  anode  between  -20  and  0  °C  are  separated  more 
than  two  orders,  which  is  a  sufficient  separation  in  the  Nyquist  plot, 
while  at  20  °C,  individual  values  for  the  SEI  and  anode  are  relatively 
close  to  each  other,  3  x  10”5  and  6  x  1CT4  s,  respectively.  In  addi¬ 
tion,  the  frequency  region  corresponding  to  the  time  constant  of 
3  x  1CT5  s  suggests  that  the  impedance  response  of  the  SEI  appears 
in  the  frequency  region  of  1  MHz-1  kHz,  which  is  the  same  as  the 
domain  of  the  impedance  with  minus  values  of  Z",  i.e.,  the 
frequency  region  where  the  inductive  parameters  were  domi¬ 
nating.  Also,  the  shifting  of  the  time  constants  by  changing  the 
temperature  enables  separation  of  the  impedance  of  SEI  from  the 
inductive  component. 


4.  Conclusion 

Commercially  available  LIB  was  investigated  with  EIS  under 
various  temperatures  between  -20  °C  and  20  °C.  Using  an  equiv¬ 
alent  circuit,  which  was  composed  of  components  for  cathode, 
anode,  SEI  and  inductive  lead,  the  impedance  responses  were 
analyzed.  The  SEI  element  was  remarkably  detected  as  a  semicircle 
at  the  lower  T  below  0  °C.  At  20  °C,  the  frequency  domain,  where 
the  SEI  impedance  would  appear,  was  found  to  overlap  with  that  of 
the  inductive  component  and  close  to  that  of  the  cathode  reaction. 
Also  the  value  of  the  resistance  of  SEI  at  20  °C  was  found  to  be  small. 
Temperature  control,  which  leads  to  a  shift  of  time  constants  and 
enlargements  of  impedances,  would  be  a  powerful  tool  in  imped¬ 
ance  analysis  of  LIB. 
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